The three-dimensional structure of a ligand-free closed form of the glucose/galactose binding protein from Salmonella !yphimurium has been determined at a resolution of 1.9 A. The crystallographic R-factor for the refined structure is 17.9%. The model contains all the atoms of the SO9 residues of the protein sequence, a calcium ion, and 174 water molecules. The root mean squart (r.m.s.) deviations for the whole molecule are: 0.010 A for bond lengths and 2.44" for bond angles, indicating a good stereochemistry for the model. This structure shows that the protein is able to close in the absence of ligand, adopting a conformation similar to the liganded form but slightly more open. Water molecules satisfy the hydrogen bonding ability of the hydrophilic side chains of the binding site in a manner which is reminiscent of the sugars' hydrogen-bonding patterns. Since packing forces are weak, the crystallization event is unlikely to trigger a change from an open to a closed conformation. Instead, the latter must be one of the species in equilibrium in solution which is selected by packing in the crystal lattice.
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a resolution of 1.7 A (Zou et al., 1993) , and the structure of the complex with glucose is known to a resolution of 2.4 A (Mowbray et al., 1990) . The structure of a very similar GBP from F h e r i c h i a coli bound to glucose is known to a resolution of 1.9
A (Vyas et al., 1988 Falke, 1991a, 1991b) that conformational changes occur upon ligand binding to the periplasmic proteins.
The x-ray structures of the unliganded forms of four related binding proteins, L-leucine-and leucine/isoleucine/valine-binding proteins (Sack et al., 1989a tein (Sharff et al., 1992) , and lysine/arginine/ornithine-binding protein (Oh et al., 1993) reveal a more open conformation for these species. The latter two proteins have also been studied in closed liganded forms (Spurlino et al., 1991; Oh et al., 1993) .
However, the details of the mechanism of activation of GBP remain unclear and the three-dimensional structure of the open form of GBP is unknown.
I n this article we report a high resolution crystal structure of an unliganded closed conformation of the glucose/galactosebinding protein from S. typhimurium.
EXPERIMENTAL PROCEDURES
Protein purification was carried out as outlined in Mowbray et al. (1990) . The endogenous sugar bound was removed by a modification of the technique described in Miller et al. (1980) ; the concentration of guanidine HCl was increased to 3 M for the denaturation step and calcium was added to the renaturation buffer to give a final composition of 1 m M CaCl,, 10 m M Tris-HC1 at pH 7.4. Initial screening of the crystallization conditions for unliganded GBP was carried out following the Sparse Matrix Sampling method (Jancarik and Kim, 1991) at room temperature. Hanging drops for the vapor diffusion technique were made by mixing equal amounts of the protein and the different crystallization solutions assayed. To achieve a crystal size suitable for x-ray structural studies, the small crystals obtained in the screening experiments were used as seeds for the macroscopic seeding technique performed at 4 "C essentially as explained in Mowbray and Petsko (1983) .
Diffraction data were collected at room temperature using a R axis IIc imaging plate detector mounted on a Rigaku rotating anode x-ray generator (CuK, radiation, 50 kV, 180 mA, graphite monochromator).
The software of the R axis IIc system (Sato et al., 1992) was used for control of the data collection and processing of the oscillation frames to obtain a set of reflections.
Crystallographic refinement was carried out using the program X-PLOR (Briinger et al., 1987) . The parameters used for the Powell minimization and temperature-factor optimization routines of X-PLOR as well as the refinement protocol were the same as described in Zou et al. (1993) . Manual refitting of the model to the electron density maps The real space fit feature of the program 0 (Jones et al., 1991) was used to assess the quality of fit of the model to the electron density. The least-squares option of the program 0 was used to align the unliganded GBP structure with that of the galactose-bound GBP. Further comparison of these two forms of the protein was accomplished by calculating least squares planes through the core p-sheets of domains 1 and 2 and evaluating the angles which relate them as described in Zou et al. (1993) .
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RESULTS
Protein Purification
and Crystallization-Both the untreated and the guanidine-treated purified protein gave a single band on a Coomassie Blue-stained SDS-gel electrophoresis. The native GBP gave a doublet on a n isoelectric focusing gel with bands at estimated PI values of 5.50 and 5.55 while the guanidine-treated protein gave only a single band at an estimated PI = 5.55. Either protein gave a single band at PI 5.50 when sugar was included in the isoelectric focusing gel. These results indicate that there is a change in the overall surface charge upon binding of sugar to GBP, and that the untreated protein is a mixture of sugar-bound and sugar-free species.
Small single crystals were obtained from a GBP solution at approximately 8 mg/ml protein (in the renaturation buffer) with a crystallization solution consisting of 30% polyethylene glycol 4000, 0.1 M "is-HC1 buffer a t pH 8.64, and 0.2 M sodium acetate. These crystals were used as seeds for macroscopic seeding with an initial concentration of polyethylene glycol in the reservoir of 18% (buffered with 0.1 M Tris-HC1, pH 8.64).
Stepwise increases of 3% gave a final concentration of polyethylene glycol of 30%. The crystal used in data collection grew to 0.21 x 0.10 x 1.2 mm in about 4 weeks.
Data Collection, Phasing, and Structure Refinement-A total of 59,612 observations with I > dl) yielding 21,036 unique reflections within the resolution limits 58.6-1.88 A were recorded from a single crystal. Some statistics for the data set are given in Table I .
The crystals of unliganded GBP were nearly isomorphous with the previously studied galactose-bound GBP (see legend to Table I ). Hence, all the non-hydrogen atoms of the protein (sugar was omitted), a calcium ion, and 153 water molecules of the latter were used as the starting model in the program X-PLOR. The initial R-factor was 42.8% for 20,142 reflections with Fobs > dFObs) in the resolution range 7.5-1.9 A. At the first round of refinement, Powell minimization to convergence and optimization of B-factors lowered the R-factor to 18.4%. Subsequently, cycles of refinement were alternated with manual refitting of the model to the 2 IFobs I -I Fcalc I and I -I Fcalc I electron density maps (contoured at 1 and 3 u, respectively).
After the first round of refinement both electron density maps confirmed that the sugar was absent. The shape of the electron density shown in Fig. 1 is clearly different from those observed in earlier studies with liganded proteins (Mowbray et al., 1990; Mowbray and Cole, 1992) . Five water molecules were added to account for the observed electron density at the binding site. The nature of the binding site and the shape of the electron density were not consistent with other components of the crystallization medium.
A total of six rounds of refinement involved modeling of the water network at the binding site, changes in the position of several other water molecules and minor modifications in the conformation of some of the side chains.
Analysis of the Current Model-The structure of the unliganded GB: has been refined to an R-factor of 17.9% at a resolution of 1.9 A. The present model contains all the atoms of the 309 residues of the protein sequence, a calcium ion, and 174 water molecules. The 2 IFobsI -IFcalcI electron density map contoured at 1 u shows continuous electron density for all backbone atoms except for the amino terminus which has density only for the C atom. There is clear electron density for almost all the side chain atoms. There are no peaks in the IFobsI -I Fcalc I electron density map contoured at 3.5 u anywhere in the structure. Two small peaks in the binding cleft are observed when the contour level of the I Fobs I -I FcalE I map is lowered to 3.3 u. They cannot be accounted for by introducing more solvent molecules and are probably due to the fact that the water network in the sugar-free binding site could be modeled in several alternative ways. The real space fit analysis gives an average correlation coefficient for all atoms of 0.894, indicating a good fit of the model to the electron density.
The average temperature factor for pFotein atoms is 20.5 A" The three-dimensional structures of the galactose-bound and the glucose-bound forms of GBP from S. typhimurium are nearly identical. Alignment of their 309 C-a atoms gives a n r.m.s. deviation of 0.15 A. The conformation of the unliganded GBP described here is very similar to the conformations of both liganded forms of the protein (see Fig. 2 B ) . The backbones of the unliganded and of the galactose-bound GBPs can be superimposed with an r.m.s. deviation of 0.322 A for the 309 C-a. The superposition of the NH2-terminal domains (residues 1-110 and 257-293) of the two species gives a n r.m.s. deviation of 0.169 A for 147 C-a atoms and that for the COOH-terminal domains (residues 111-256 and 294-309) has an r.m.s. deviation of 0.163 A for 162 C-a atoms. Improved alignment of the The greater similarity in the conformations of the COOH-terminal domains with respect to the NH2-terminal domains was also observed in the comparison of the liganded GBPs from S. typhimurium and from E. coli (Zou et al., 1993) .
Both the numbers above and the conformations of the individual side chains indicate that the guanidine-treated GBP is in its native conformation.
The lower r.m.s. deviations observed when either the NHzterminal or COOH-terminal domains are aligned separately indicate that the angle of relative rotation of the two domains is different in the two forms of the protein. A method of measuring the relative orientation of the domains which exploits the limited flexibility and near planarity of the core P-sheets in the periplasmic binding proteins has been described in Zou et al. (1993) (see Fig. 2A ). By using this method it was found that the angle between the lines perpendicular to the least-squares planes defined through the core p-sheets of domains 1 and 2 ( z and z' axes in Fig. 2 A ) is 83.5" and the angle between the straight lines along the respective central p-strands ( y and y' axes in Fig. 2 A ) is 199.8'. The first quantity reflects the fact that the plane of the core p-sheet of domain 1 is nearly perpendicular to that of domain 2; the two planes are approximately related by a rotation about the long axis of the molecule. This quantity is almost identical to the one found for the galactosebound GBP (83.6"). The value of the second angle indicates that the strands of each domain point in approximately opposite directions, both toward the center and approximately along the long axis of the molecule. The number calculated for the closed unliganded GBP is 1.8" larger than the one for the galactose-GBP complex (198.0"), indicating that the sugar-free protein adopts a slightly more open conformation.
The residues of domain 1 and domain 2 which are located at the lips of the binding cleft are thus slightly further apart in the unliganded protein than in the ligand-bound form. For example, the distance be!ween the C-a atoms of residues 70 and 151 increases by 1. 33 These results as well as inspection at the graphics workstation (see Fig. 2B ) clearly show a different relative rotation of the domains for the unliganded protein. However, it is difficult to associate specific bond rotations with it, largely because of the small changes involved. A comparison of the torsion angles along the entire C-a backbones (calculated with the program DSSP; Kabsch and Sander (1983) ) of the unliganded and the galactose-bound proteins gives an average angular difference of 1.6", which is well below the uncertainty in the values calculated for these angles (-6") due to coordinate error. Although the galactose-GBP complex and the sugar-free GBP have been crystallized in the same space group, their cell constants are slightly different (see legend to Table I) , and a few differences in the crystal contacts are observed. There are $2 interactions (distance 5 4.0 A for Van der Waals and 5 3.5 A for hydrogenbond interactions) for the whole protein in each case. The unliganded GBP makes 22 contacts in domain 1, 18 of which are the same as in the galactose-bound form of the protein. All of the 20 contacts in domain 2 are also found in the liganded species. In the light of the results of the C-a backbone alignments reported above, the few differences observed in the crystal contacts of the two proteins do not seem to give rise to important local conformational changes, except perhaps in the neighborhood of residue 308. There is a hydrogen bond between Gln-308 and Thr-159 of a symmetry-related molecule in the liganded GBP which is lost in the sugar-free protein. In contrast, the crystal contacts around Gly-82 are nearly identical in the two structures, although this residue could not be matched within the 0.3 A cutoff for alignment of the NHz-terminal domains.
In the sugar-bound forms of GBP (crystallized at pH 7.0) the distance betweep the OD-2 atom ofAsp-121 and the OE-2 atom of Glu-165 (2.5 A) was found to be shorter than expected for the pair of negatively charged side chains (Zou et al., 1993) . In the unliganded form of GBP (crystallized at pH 8.6) the side chain ofAsp-121 was not so well defined in the electron density map; two possible conformations could be deduced. For the most populated conformation, which is similar to the one found in the liganded GBP, the distance between the OD-2 atom of Asp-121 and the OE-2 atom of Glu-165 is 2.7 A. These observations seem to support the suggestion (Zou et al., 1993) that the pK of one of these acidic groups is considerably perturbed, and a proton would be retained at the pH of crystallization (7.0) of the galactose-GBP complex; at the higher pH of crystallization (8.6) of the unliganded species the carboxylate group begins to be deprotonated, and the Asp-121 side chain (but not that of Glu-165) becomes more disordered.
Binding Site-A cleft between the two structural domains constitutes the sugar binding site of GBP. In the present unliganded protein structure water molecules occupy the binding site ( Fig. 2A 1 . While a unique water network cannot be defined, two primary modes of water binding account well for the density observed. A web of hydrogen bonding between these water molecules and side chains of residues located in the loops between the COOH termini of the P-strands and the NH2 termini of the @-helices is reminiscent of the hydrogen-bond patterns observed in the crystal structures of the galactose-GBP complex (Fig. 3, A and B ) and of the glucose-GBP complex (Mowbray et al., 1990).
Water molecule S5 has also been found in all the liganded forms of GBP studied so far. In the present structure it makes hydrogen bonds with the side chain amide group ofAsn-211 and with another water molecule (Fig. 3 A ) . In the galactose-bound protein, water S5 binds to the hydroxyl group a t position 3 of galactose and to the side chain of Asp-14 (Fig. 3B) . The corresponding water molecules in the glucose-bound GBPs from E. coli (Vyas et al., 1988) and from S. typhimurium (Mowbray et al., 1990 ) make hydrogen bonds with the hydroxyl groups at positions 3 and 4 of glucose.
The water molecules named S169, S170, and 5171 are well defined (they can be modeled at $111 occupancy with temperature factors between 23 and 26 A2). The interactions of water molecule S169 with Arg-158 and with Asp-236, those of water 5170 with Asn-211, with Asp-236 and with the conserved water molecule S5, and the interactions of water S171 with Asn-91 and with His-152 all mimic the interactions of the hydroxyl groups at positions 2,3, and 6, respectively, of galactose and of glucose in the liganded proteins.
Another water molecule, named S174, accepts a hydrogen bond from Asn-256 as the hydroxyl group of C-1 of galactose and glucose do in the ligande! proteins. It has, however, a higher temperature factor (44 A2) than the other solvent molecules at the binding site indicating more mobility.
Two water molecules are modeled as having two possible positions, each occupied half of the timeo(occupancy = 0.5, temperature factors between 12 and 20 A2). These are labeled S172A and S173A for one of the alternative models and S172B and S173B for the other. Water S172A makes a hydrogen bond with Asp-14 in a similar fashion to the hydroxyl group of C-4 of galactose, whereas at the alternative position S172B this bond is lost. Water S173B makes hydrogen bonds with Asn-91 (like the ring oxygen atoms of galactose and glucose) and with asp154 (like the hydroxyl group of C-1 of galactose and glucose) while at the alternative location S173A it makes hydrogen bonds only with other water molecules.
Overall, 11 hydrogen bond interactions are established between protein side chains and water molecules when model A is considered; 9 of them involve side chains of the COOH-terminal domain and 2 involve side chains of the NH2-terminal domain. The corresponding numbers when model B is used are 12, 10, and 2. In the sugar-bound GBP, 12 hydrogen bonds are formed between sugar and side chains and 1 between sugar and water. The Fngths of these bonds are close to ideal and are generally 0.1 A longer than the ones measured in the galactose-GBP 
DISCUSSION
It has been generally accepted that the periplasmic binding proteins are open in the absence of ligand and closed after ligand binding. The three-dimensional structure of a ligandfree GBP from S. typhimuriurn shows that this protein is in fact able to close in the absence of ligand, adopting a conformation that is only slightly more open than that of the liganded forms. These results support the view that the conformational change which is associated with sugar binding is a shifting of equilibria rather than a necessarily "triggered" event.
A network of water molecules satisfy the hydrogen bonding capacity of the side chains of the binding site of the closed unliganded form in a fashion which mimics the sugars. The total number of hydrogen bonds involved is essentially identical to the number made by galactose or glucose in the liganded protein. Differences in hydrogen bonding will probably not explain the apparent predominance of the open form in the absence of ligand. It is presumably the interaction between apolar surfaces of the sugar and non-polar groups of the protein which favors the closed form in the presence of ligand.
The fact that the closed unliganded form is found in the crystal proves that at least small concentrations must be present in solution which can be trapped in the crystal lattice. The equilibrium between open and closed unliganded forms of the same protein has been invoked to explain the "one open, one closed" crystal structure of human apolactoferrin (Anderson et al., 19901, a n iron binding protein composed of two lobes each with a fold similar to the periplasmic binding proteins. A closed unliganded form of the arabinose binding protein has been mentioned by Quiocho (19911, but no structural information or further description of the protein is given.
It has also been believed that only the closed liganded form of the binding proteins can be recognized by the membrane receptor for transport. Recently, however, Bohl et al. ' have simulated the behavior of the maltose-binding protein-dependent transport system using a set of rate equations for the reactions that are likely to occur during the transport event. The simulations agree with the available experimental results only when interactions of both the sugar-loaded and the sugar-free binding proteins with the membrane components are taken into account. This kinetic study does not indicate which conformation of the unliganded protein would be implicated. I t is tempting to speculate that a closed unliganded species is suitable for this kind of unproductive encounter with the translocation complex, since the overall conformations of the closed unliganded and the sugar-bound species are very similar. The amounts of the membrane proteins are too small, and binding to. the periplasmic receptor is too weak, to shift the equilibrium toward the closed unliganded form to the same extent that can be achieved with crystal packing.
Studies of GBP and the related ribose-binding protein show that these proteins interact in a similar fashion with their common membrane receptor in chemotaxis despite slightly different relationships between the two domains in each structure (Binnie et al., 1992; Mowbray, 1992; Yaghmai and Hazelbauer, 1992) . This property suggests that distinct conformations of the membrane receptor will give rise to signaling in each case. I t is possible, therefore, that the closed unliganded form of GBP can bind to the membrane receptor as well, but does not have a significant effect on chemotaxis both because of its low concen-
